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Abstract: We investigate the feasibility of photoacoustic (PA) imaging for
assessing the correlation between red blood cell (RBC) aggregation and the
oxygen saturation (sO,) in a simulated pulsatile blood flow system. For the
750 and 850 nm illuminations, the PA amplitude (PAA) increased and
decreased as the mean blood flow velocity decreased and increased,
respectively, at all beat rates (60, 120 and 180 bpm). The sO, also cyclically
varied, in phase with the PAA for all beat rates. However, the linear
correlation between the sO, and the PAA at 850 nm was stronger than that
at 750 nm. These results suggest that the sO, can be correlated with RBC
aggregation induced by decreased mean shear rate in pulsatile flow, and that
the correlation is dependent on the optical wavelength. The hemodynamic
properties of blood flow assessed by PA imaging may be used to provide a
new biomarker for simultaneous monitoring blood viscosity related to RBC
aggregation, oxygen delivery related to the sO, and their clinical
correlation.
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1. Introduction

Red blood cells (RBCs) are mainly involved in the transport and exchange of physiologically
relevant gasses. The transport of oxygen is governed by the blood oxygen saturation (sO,) [1],
a measure of the RBC’s oxygen carrying capacity. The clinical significance of sO, has been
well established making measurements of sO, a routine physiological parameter in the
emergency and operating rooms [2,3]. The measurement of the sO, has been traditionally
conducted by optical spectroscopy [4,5] but it is limited by the penetration depth and lack of
spatial resolution of conventional optical imaging techniques. Additionally, pulse oximetry
readings are prone to error as a result of hypotension, hypothermia, muscular twitching,
dyshemoglobinnemias and body movements [6]. Over the past decade, the sO, measurement
methods have been significantly improved through advances in photoacoustic (PA) imaging
[7-10]. However, these previous studies have focused on the sO, measurement by PA
imaging in micron-diameter vessels without considering hemodynamic and/or
hemorheological effects such as RBC aggregation.

RBCs become aggregated when flowing blood is exposed to stasis or very low shear rate
conditions. RBC aggregation is a hemodynamic and hemorheological phenomenon which is
manifested at enhanced rates in various pathologies such as deep vein thrombosis [11],
diabetes [12] or strokes [13]. In addition, RBC aggregation is known to alter blood viscosity
which affects blood flow dynamics, vascular resistance and tissue perfusion [14]. The
measurement of RBC aggregation has been widely studied using several biophysical
techniques including erythrocyte sedimentation rate [15], centrifugation methods [16], low
shear viscometry [17], ultrasound (US) imaging [18] and analysis of light transmission or
reflection of RBC suspensions [19]. Among these methods, US imaging provides the most
non-invasive method to measure RBC aggregation [18,20,21]. In addition, US imaging
studies have also quantified RBC aggregation under blood flow. However, US imaging is not
capable of assessing oxygen delivery, the main functional role of RBCs.

RBC aggregation and the sO, are intrinsically related phenomena since they are dependent
on the hemodynamics and biochemistry of RBCs. Therefore, the relationship between RBC
aggregation and the sO, may provide a new biomarker for disorders where aggregation
becomes pathological. Tateishi et al. [22,23] have reported that the diffusion of oxygen from
RBCs is inhibited by aggregation and partly due to the thickening of the cell-free layer.
However, in their work, they demonstrated the correlation between the sO, and RBC
aggregation induced by Dextran T-70, not by a flow induced hemodynamic parameter such as
shear rate. In previous studies by our group [24,25], the PA measurement of RBC aggregation
and the sO, was preliminarily conducted under the static conditions using Dextran. In order to
further advance the clinical applicability of PA imaging, the relationship between RBC
aggregation and the sO, should be investigated simultaneously under flowing conditions.

In this paper, high-frequency PA imaging is proposed to simultaneously assess RBC
aggregation and the sO, under pulsatile blood flow. The pulsatile blood flow was generated
by varying the beat rate (60, 120 and 180 bpm) within a flow phantom. The flowing blood
was imaged at two optical illumination wavelengths for estimating the sO, using a high-
frequency PA system. This paper aims to examine the relationship between hemodynamic
parameters that control blood flow and sO, estimates using PA imaging. We hypothesize that
the relationship between the PA amplitude (PAA) and the sO, will be dependent on the
optical wavelength and will provide insights related to RBC aggregation and the sO,.
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2. Materials and methods
2.1 Blood source

Human whole blood was collected by netCAD (Vancouver, BC, Canada), the research
division of Canadian Blood Services, under protocol 2013-001 which involves standard
Canadian Blood Services collection and testing procedures of whole blood. It was delivered
overnight at 4°C, with continuous monitoring during shipment to ensure no temperature
deviations occur. The procedures for using the blood have been approved by the research
ethics boards of Ryerson University and the Canadian Blood Services. Whole blood units
from three different volunteers were used in order to ensure the repeatability of experimental
results.

2.2 Blood flow system and US/PA imaging

A simulated blood flow system was developed using a peristaltic pump (MasterFlex, Cole-
Parmer, Montreal, QC, Canada), a silicone tube, a triangle beaker, and a 2-mm-diameter flow
phantom made from porcine skin gelatin (Sigma Aldrich, Oakville, ON, Canada) at a
concentration of 15% wt/vol in degassed water (Fig. 1). The silicone tube and beaker were
used for circulating blood and as a reservoir, respectively. The blood in the reservoir was
stirred by the spin bar in order to prevent RBCs from sedimentation, and was kept as 35 °C by
the hot plate. The entrance of the reservoir which two tubes were inserted was sealed in order
to minimize the exposure of blood to the surrounding air. Beat rates of 60, 120 and 180 bpm
were generated within the phantom by the peristaltic pump. The vessel diameter extended and
contracted periodically at the intervals corresponding to the beat rate, and the expansion of the
diameter increased with the beat rate. The effect of the vessel lumen expansion on the PAA
could be ignored since the PA signals were due to RBCs and their aggregation. In addition,
the PAA was averaged in the region of interest, so that the increased blood volume under high
pressure could be considered negligible.

A representative, co-registered US/PA image of flowing blood is shown in Fig. 1. The
image was acquired using a commercialized US/PA system equipped with a 40 MHz, 256
elements linear-array probe (VevoLAZR; LZ550, FUJIFILM VisualSonics, Toronto, ON,
Canada) [26]. The coaxial US cable and the optical fiber bundle were integrated into a special
enclosure. The fiber bundle (fused borosilicate fiber, 7.5mm in diameter at input, 0.55
numerical aperture) is coupled to a tunable Nd:YAG laser which was operated through an
optical parametric oscillator which outputted wavelengths between 680 and 970 nm (10 ns
pulse length, 30 mJ/pulse, 20 Hz repetition rate). The output of the fiber was emitted from two
rectangular strips on both sides of the acoustic aperture as an ellipsoid on a 30° angle (0.58
rad major/minor divergence in air) relative to the imaging plane. PA measurements were
performed for three blood samples, three beat rates (60, 120 and 180 bpm), and two optical
wavelengths (750 and 850 nm). The same measurement was performed for 800 nm at 60 bpm
in order to consider an isosbestic point. For each measurement, 200 US/PA B-mode frames
were recorded corresponding to a measurement time of 10 seconds. Out of the 200 frames, the
160 frames corresponding to 8 seconds (20 Hz acquisition rate) were extracted and
synchronized to the initial phase of each measurement.
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Representative US/PA image
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Fig. 1. Experimental set-up of the blood flow and photoacoustic imaging system along with a
representative US/PA image.

2.3 Simultaneous assessment of RBC aggregation, sO,, and shear rate

RBCs become aggregated when flowing blood is subject to very low shear rates. Even though
the RBCs are biconcave in shape, for the purposes of simulating aggregation at these
photoacoustic detection frequencies, they can be approximated as spheres to represent the
formation of clusters of aggregates [27]. The PAA from RBC aggregates can be approximated
as the PAA from a sphere (P,) as described in Eq. (1) [28].

o _ it BEVa o~ sing —gcosg)e ™’ .
(=Bl ___ndqesde Ty
7C,r = ¢ [(1-p)sing)/ G —cosq+igvsing]

where u, is the optical absorption coefficient, f is the isobaric thermal expansion coefficient,
F is the optical fluence of the excitation light, v is the sound speed in the absorber, a is the
radius of uniformly irradiated sphere, C, is the heat capacity per unit mass, 7 is the distance
between the absorber and the ultrasonic detector, ¢ is defined as g =@ a/v, where w is the
modulation frequency of the optical beam, 7 is the dimensionless retarded time from the
edge of the sphere defined as ¢ = (vya)[t-(r-a)/v/] where v, is the sound speed in the
surrounding fluid medium, p = p/prand v = v/v, are the ratios of density and the sound
speed, respectively, where p, and p, are the density of the absorber and the surrounding fluid
medium, respectively. The PAA from aggregating blood is mainly governed by a related to
the aggregate size. Hence, the formation of RBC aggregation can be assessed by the changes
in the PAA.

The sO, was estimated by computing the ratio of oxygenated hemoglobin (HbO) to the
total hemoglobin. It was assumed that HbO and deoxygenated hemoglobin (Hb) were the
dominant absorbers at the two optical illumination wavelengths 4, and 4,, and was computed

by [7]
47 = &}, [HDO]+ £/, [Hb] )

_ [HbO] HEER — e
* [HbOJ+[Hb] s (a0 — €00) — 1 (€l —£02)

3)

where [HbO] and [Hb] are the molar concentrations of HbO and Hb, respectively; y, is equal
to P/(I"-F) where P is the detected PA pressure, and /" is the Gruneisen parameter, so that P is
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used instead of the y, in order to compute the sO, assuming that /" and F are constant; and
empo and gy, are the known molar extinction coefficients of HbO and Hb, respectively. The
energy of each pulse at both wavelengths of illumination was taken into account, while
fluence corrections were not applied to the PA estimations of sO,. An energy meter (Vega,
Ophir-Spiricon, North Logan, UT, USA) was used to monitor the wavelength-dependent
energy variations, and the measured energy was used to normalize the PA signals at each
respective wavelength. Within the scope of the current study and given that the vessel
diameter was only 2 mm, the object of interest was the relative variations in the sO, due to the
presence of RBC aggregation rather than an absolute value of the sO,.

Ideally, the blood flow velocity (BFV) should be simultaneously measured as the PA
images are acquired in order to interpret the relationship between RBC aggregation, the sO,
and the shear rate. The shear rate can be related to the radial gradient of the laminar flow
velocity in a cylindrical tube. The PA system, however, was limited in the ability to measure
PA signals and blood flow velocities simultaneously. In lieu of that, the mean BFV (mBFV)
within the region of interest shown in Fig. 1 was measured by pulsed wave Doppler (Doppler
angle: 55°, pulse repetition frequency: 75 kHz) for the same duration as each PA image. The
radial profile of the velocity of the non-Newtonian steady flow is parabolic in 2 dimensions,
so that the shear rate is dependent on the radial position. To simplify the calculation, the mean
shear rate can be used as a kinetic factor of RBC aggregation, and the mBFV (proportional to
the mean shear rate) was used as an alternative kinetic factor of RBC aggregation in this
paper. The maximum and minimum of the mBFV were assumed to be synchronized with the
maximum and minimum of the vessel diameter since the vessel expands and contracts during
systole and diastole, respectively [29].

The aforementioned measurement parameters could then be synchronized since the PA
image provided the PAA (associated with RBC aggregation in the vessel lumen), the sO,
(from two optical wavelengths), and the mBFV using Doppler imaging and synchronized
using the vessel diameter. In order to quantify the variation of the measurement parameters,
the variation index (VI, %) and the magnitude of cyclic variation (A) were computed by

(X
VI, :iz[ﬂ—l}doo
Nn:l

N

1
> AY = NZ (Ymax - Ymin )|T (4)

X n
min

n=1
T,

where X is the PAA, N is the number of cycles (N =8, 16 and 24 for 60, 120 and 180 bpm,
respectively), 7, is the order of cycle, Y is the sO,, the mBFV and the computed x,, and the
subscripts max and min indicate the maximum and minimum values.

2.4 Optical wavelength dependency on the correlation between RBC aggregation and sO,

The relationship between RBC aggregation and sO, can be estimated by the relationship
between the PAA and sO,. The PAA at 750 and 850 nm were obtained by the aforementioned
methods, and the sO, was computed using Eq. (2). Simultaneous measurements of the PAA
and the sO, were plotted for both optical wavelengths. The PAA and the sO, values were
derived from 160 recordings during an 8 s time interval (as the frame rate was 20 Hz). The
95% confidence ellipses of the 160 data points were computed for both wavelengths in order
to compute the eigenvalues of the covariance (i.e. axes of the ellipse) [30]. In addition, PA
measurements were also performed at 800 nm, the isosbestic wavelength where the absorption
of oxygenated and deoxygenated Hb is identical. This was done in order to investigate the
origin of the PAA variations in the absence of any oxygen-dependent changes in absorption.
Even if the PAA increases with RBC aggregation, the variation of the PAA at 750 nm
would be different from that at 850 nm since ey,o and ey, are dependent on the optical
wavelength [31]. The correlation between the PAA and the sO, can be explained by the molar
extinction coefficients of HbO (egy,0) and Hb (egy). As shown by Eq. (2), the x, of RBC (and
therefore a collection of RBCs in blood) is a function of &0, &y, [HbO] and [Hb]. The g0
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and ey, at 750 and 850 nm are well known parameters for both oxygenated and deoxygenated
blood [31]. Examination of Eq. (3) reveals that the sO, is directly proportional to the
concentration of oxygenated hemoglobin, [HbO]. The concentration of deoxygenated
hemoglobin [Hb] can be approximated by 1-sO,. The u, of any RBC sample can then be
converted into

:U: = (gébo - Sgb) sO, + géb Q)

where gppo and g, are 518 and 1,405.24 /cm/M at 750 nm, and are 1,058 and 691.32 /cm/M
at 850 nm, respectively [31]. The x, of the blood samples at 750 and 850 nm were computed
based on Eq. (5).

3. Results and discussion
3.1 PAA and sO, vs. BFV

The representative images of the PAA at both the peak-systolic luminal expansion and the
end-diastolic luminal contraction at all beat rates were shown in Fig. 2-top. The overall image
brightness decreased during the peak-systolic luminal expansion and returned strong in the
phase of the end-diastolic luminal contraction. The PAA at 750 and 850 nm and the mBFV
varied periodically for all beat rates, as shown in Fig. 2-center & bottom. The mean shear rate
of blood flow is directly proportional to the mBFV. Therefore, cyclical changes in the mBFV
can be used to infer changes in the mean shear rate and hence changes in RBC aggregation.
The dominant source of the PA signal in blood samples are the RBCs, as shown from our
previous work [24,25]. The cyclic variation in the PAA is induced by the RBC aggregation
and disaggregation that occurs repeatedly at different phases of the flow cycle, being similarly
consistent with the cyclic variation in the US amplitude as shown in Fig. 3. The cyclic
variation in the US amplitude due to RBC aggregation was widely reported [13,20,21,32-35].
The spatiotemporal correlation between the increase in the PA and US amplitudes with the
formation of aggregates suggests that PA imaging is also sensitive to the dynamic changes in
RBC aggregation during pulsatile flow. The cyclical variations in the mBFV and PAA are out
of phase each other. The US amplitude phase is identical to the PAA for all beat rates. This
phase reversal is caused by the fact that RBCs aggregate when the mean shear rate decreases.
This is consistent with what has been observed using high frequency US imaging.

(a) 60 bpm (b) 120 bpm (c) 180 bpm

PS ED PS ED
“ A < N}
0.44 0.39 0.44 0.39; - 0.44 c
042 037 042 037 042 £
04 035 04 0351 04 8
Q0% 03 038 ®

038033
0123456 2 3 4 56 2 3 45678 <

PAA @
750 nm

Flow direction

Blood flow PAA
Velocity [cm/s]
NS 0
o o
Blood flow
Velocity [cm/s]
N B O 0-7
D = =]
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B D @
o O o
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Fig. 2. Representative images of the photoacoustic amplitude (PAA) at the peak-systolic
luminal expansion (PS) and the end-diastolic luminal contraction (ED) (top row). Cyclic
variation in the photoacoustic amplitude (PAA) at 750 (blue line) and 850 (red line) nm (center
row) and the mean blood flow velocity (bottom row). The left, center and right columns
represent 60 (a), 120 (b) and 180 (c) bpm.
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Fig. 3. Cyclic variation in the ultrasound (US) amplitude at 60 (a), 120 (b) and 180 (c) bpm.

In order to examine the advantage of PA imaging of RBC aggregation to the US
counterpart, oxygen saturation maps were constructed using the two-wavelength approach.
Representative images of the sO,, estimated by using Eq. (3), at the peak-systolic luminal
expansion and the end-diastolic luminal contraction at all beat rates were shown in Fig. 4-top.
The brightness decreased during the peak-systolic luminal expansion phase and increased
during the end-diastolic luminal contraction phase of the pulsatile flow. The sO, also varied
periodically for all beat rates, as shown in Fig. 4-bottom. The cyclical variations in the mBFV
and sO, are out of phase each other, much like the PAA variations. According to Tateishi et
al. [22,23], oxygen release is inhibited by RBC aggregation, so that the increase and decrease
in the sO, can be attributed to RBC aggregation and disaggregation, respectively. This
suggests that estimating regional changes in the oxygenation might provide an indirect
assessment of RBC aggregation, a hemorheological phenomenon presented in many
circulatory disorders.
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Flow direction

75 75
= 71 = 7

oN N
O 67- Q 67
(%] w

63 63

01 2 3 45 6 7 8 012 3 4 56 7 8 12 3 4 56 7 8
Time [sec] Time [sec] Time [sec]

Fig. 4. (Top row) Representative images of the oxygen saturation (sO,) at the peak-systolic
luminal expansion (PS) and the end-diastolic luminal contraction (ED). (Bottom row) Cyclic
variation in the mean sO,. The left, center and right columns represent 60 (a), 120 (b) and 180
(c) bpm.

3.2 Variation of PAA and sO; with blood flow velocity

The variation index of the PAA (VIp,) and the magnitude of cyclic variation in the sO, (AsO,)
were used to characterize the cyclic variation in the PAA and sO,, respectively (Fig. 5). The
ABFV increased with the beat rate such as 38 cm/s (60 bpm), 50 cm/s (120 bpm), and 52 cm/s
(180 bpm). The ABFV is proportional to the magnitude of cyclic variation in the mean shear
rate. One may expect that the magnitude of variation in the mean shear rate would be
proportionate to those in both RBC aggregation and the sO,. However, the magnitudes of the
variation in both RBC aggregation (as assessed by the VIp, at 750 and 850 nm) and the sO,
(as assessed by the AsO,) decreased as the magnitude of variation in the mean shear rate (as
assessed by the ABFV) increased. In general, the VIps should increase with the ABFV since
the aggregation/disaggregation tendency becomes larger as the shear rate varies more largely
[18]. For 850 nm (red x in Fig. 5), the VIp, increase is explained by the increase in the ABFV
from 38 cm/s to 50 cm/s, which is well explained in that way. However, the VIp, at 850 nm
decreased at 52 cm/s of ABFV which is very close to 50 cm/s. This is due to the different
mean mBFV between 120 and 180 bpm, even though the ABFV are similar each other. At
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very high velocities, the mean shear rate is too high to sustain the formation of any
aggregates. In addition, this phenomenon correlates with a decrease in the AsO, since the
oxygen release from the non-aggregated RBCs can be more enhanced than that from the RBC
aggregate [22,23].

For 750 nm (blue circle in Fig. 5), the VIp, decreased with the ABFV from 38 cm/s to 50
cm/s, which is opposite to the case of 850 nm. This is because the gy,o is lower than the ey, at
750 nm. For example, if more RBCs aggregate during low velocity at 120 bpm than 60 bpm,
the ey,o (Which is lower than ey,) becomes more dominant at 120 bpm than 60 bpm. As a
result, the PAA for aggregation can be lower at 120 bpm than 60 bpm. In contrary, if more
non-aggregated single RBCs exist during high velocity at 120 bpm than 60 bpm, the gy,
(which is higher than gyp0) becomes more dominant at 120 bpm than 60 bpm, such that the
PAA for non-aggregation can be higher at 120 bpm than 60 bpm. Taking into account both
simultaneously occurring phenomena, the magnitude of variation in the PAA for 750 nm can
be lower at 120 bpm than 60 bpm.
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Fig. 5. The variation indices of the PAA (VIpa) at 750 (blue circle) and 850 (red x) nm, the
magnitude of cyclic variation in the oxygen saturation (AsO,, green diamond), and the average
of mean blood flow velocity (mBFV, black square) for the magnitude of cyclic variation in the
mean blood flow velocity (ABFV).

3.3 Effect of RBC aggregation: absorber size on the PAA

As seen by the results in Figs. 2 and 4, both the PAA for all optical wavelengths (750 and 850
nm) and the sO, from flowing blood cyclically varied at the intervals corresponding to all beat
rates (60, 120 and 180 bpm). The cyclic variation in the PAA induced by blood flow is most
likely related to the cyclic variation in RBC aggregation induced by mean shear rate. Given
that RBCs are the dominant absorbers in the flowing blood, the absorber size can vary
periodically due to RBC aggregation and disaggregation respectively induced by the decrease
and increase in the mean shear rate under pulsatile blood flow [21,32-35].

The PAA can be a function of a and y,, assuming that the other parameters are constant in
Eq. (1). The y, is a function of gyp0, €y, and sO, as shown in in Eq. (5), and ey,0 and gy, are
dependent on the optical wavelength. If RBCs are imaged at an isosbestic point, 800 nm, then
the PAA would depend only on a, because ey, and gy, are identical, so that the u, is constant.
Hence, the cyclic variation in the PAA at 800 nm as shown in Fig. 6 represents the cyclic
variation in the absorber size only which means the cyclic variation in the PAA due to RBC
aggregates and non-aggregated single cells. However, RBCs are aggregating and
disaggregating repeatedly under the pulsatile blood flow, resulting in increase and decrease in
the optical absorber size, thereafter, relative increase and decrease in the sO,, respectively
[22,23]. In this way, when the pulsatile flowing blood is imaged at non-isosbestic point, RBC
aggregate increases an absorber size, and might enhance the x, by means of increase in the
sO,. This complicated role of RBC aggregation on the PAA needs to be investigated
furthermore.
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Fig. 6. Cyclic variation in the photoacoustic amplitude (PAA) at an isosbestic point, 800 nm
for 60 bpm of the beat rate. (a) Time domain and (b) the power spectral density. The red mark
indicates the maximal magnitude at 1 Hz.

3.4 Effect of RBC aggregation: absorption coefficient on the PAA

The size of RBC aggregates is also responsible for changing the optical absorption of the
blood medium as it undergoes pulsatile flow. It was shown in the PAA increases with
increasing RBC aggregation (Fig. 2). As a result, it was initially expected that the correlation
between the PAA and the sO, at 750 nm was similar to that for 850 nm. This is explored in
Fig. 7. The blue circles and red “x” symbols represent the PAA at 750 nm (left ordinate) and
850 nm (right ordinate), respectively, as a function of the sO, (abscissa). The minimum
eigenvalues (minor axis of the ellipse) at 750 nm are significantly higher than those at 850 nm
(p =0.038) as shown in Fig. 7(d), whereas the maximum eigenvalues (major axis of ellipse) at
750 nm are the same as those at 850 nm for all beat rates (p = 1) as shown in Fig. 7(e). The
correlation coefficients between the PAA and the sO, for 750 nm are significantly lower than
those for 850 nm for all beat rates (»p = 0.003) as shown in Fig. 7(f). In fact, the correlation
coefficient for the 750 nm data reaches a maximum of ~0.6 at 60 bpm while the same
coefficient at 850 nm remained close to 0.8 for all beat rates. These findings suggest that the
PAA as a function of sO, is more linearly proportional at 850 nm than at 750 nm.
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Fig. 7. Correlation between the PAA (at 750 nm as blue circles and at 850 nm as red x
symbols) and the oxygen saturation at 60 (a), 120 (b), 180 (c) bpm. A 95% confidence ellipse
was plotted for each case. The minimum (d) and maximum (e) eigenvalues and the correlation
coefficient (f) at 750 (blue bar) and 850 (red bar) nm for all beat rates.

The u, of the blood samples at 750 and 850 nm were computed based on Eq. (5) and are
shown in Fig. 8. The computed y, varied at intervals corresponding to the beat rate (Fig. 8(a)-
8(c)). The cyclic variation in the computed g, is in phase with the PAA (Fig. 2-center row)
and the sO, (Fig. 4-bottom row) when the blood was illuminated at 850 nm but out of phase at
the 750 nm illumination. The phase difference is due to the molar extinction coefficient and
concentration of hemoglobin. At 850 nm, the &y, is larger than the ey, regardless of RBC
aggregation, and [HbO] is relatively higher during RBC aggregation than the disaggregation
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state since the sO, is relatively higher during RBC aggregation. Hence, the x, in Eq. (2) at 850
nm is relatively larger during RBC aggregation than disaggregation. The opposite trends are
observed at 750 nm where [Hb] is relatively higher during disaggregation than aggregation
since the sO, is lowest. For these reasons, the cyclic variation in the computed g, is in phase
with those in both the PAA and the sO, at 850 nm but out of phase at 750 nm.

The magnitudes of the cyclic variation in x, (Ag,) at 750 nm are significantly larger than
that at 850 nm for all beat rates (p < 0.001) because the absolute value of the difference
between g0 and gy, at 750 nm (877.24 /cm/M) is larger than that at 850 nm (366.68 /cm/M).
The significant difference of Ay, between 750 and 850 nm and the out-of-phase nature of the
cyclic variations in g, at 750 and 850 nm can affect the PAA measured from pulsatile flowing
blood. Assuming that the PAA is a function of only x,, the relationship between the PAA and
the sO, shown in Fig. 7(a)-7(c) can be transformed to that between the computed , and sO,,
shown in Fig. 8(d)-8(f). As predicted by Eq. (5), the slope of the computed y, as a function of
the sO, is negative at 750 nm but positive at 850 nm, respectively. These results help explain
the stronger linear correlation between the PAA and sO, at 850 nm than 750 nm (Fig. 7(f)).
RBC aggregation yields increase in both the optical absorber size and the sO, relatively
enhancing [HbO] regardless of the optical wavelength. However, even though the sO,
increases, u, decreases at 750 nm since the term (eupo - €np) 1S negative at 750 nm in Eq. (5).
By examining these findings together, it can be seen that the physical interpretation of the
cyclical variations in blood flow has basis on both the hemorheological phenomenon of RBC
aggregation and its subsequent change in optical absorption.
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Fig. 8. Cyclic variation in the computed absorption coefficient (,) at 750 (blue line) and 850
nm (red line) for 60 (a), 120 (b) and 180 (c) bpm. Correlation between the u, (blue circles at
750 nm and red “x” symbols at 850 nm) and the oxygen saturation (sO,) at 60 (d), 120 (e) and
180 (f) bpm.

3.5 Potential clinical significance of this study

The present paper is the first study that considers the effect of hemodynamics on the
estimation of the sO, by a two-wavelength method using PA imaging under pulsatile blood
flow. The sO, measurements using photoacoustics have been demonstrated in single vessels
in vivo using PA microscopy [9], in single RBCs in the capillary system [8], and during static
RBC aggregation induced from dextran [25]. These previous studies, however, did not
consider the hemodynamic relationship between RBC aggregation and the sO,. RBC
aggregation is a spontaneous hemodynamic and hemorheological phenomenon with a great
deal of physiological implications. PA estimates of the sO, should be interpreted in
conjunction knowledge of RBC aggregation and its effect on PA signals under pulsatile blood
flow. Since the oxygen release is inhibited by RBC aggregation [22], there will be changes in
the u, of RBC under pulsatile blood flow because the ratio of the oxygenated and
deoxygenated hemoglobin changes as a function of RBC aggregation. Moreover, the optical
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wavelength should be appropriately selected since the PAA from flowing blood a) increases
and decreases with the u, for optical wavelegnths where &y, is higher and smaller than gy,
respectively, and b) increases with RBC aggregation (due to the increase in the absorber size).

The findings of this paper suggest that hemodynamics should be considered in clinical
applications of PA imaging. Spontaneous oscillations in the cerebral hemodynamic signals are
commonly used for monitoring cerebrovascular pathology and in functional activation
research [36,37]. Hence, spontaneous [HbO] and [Hb] oscillations in subjects with cerebral
infarction (CI) based on the cerebral hemodynamic signals can be analyzed for the monitoring
of atherosclerosis or cerebrovascular changes [38,39]. The previous studies have suggested
that the variation in the sO, might be a new biomarker in assessing cerebrovascular diseases
in high risk subjects for CI, and the present study suggests that the sO, should be interpreted
simultaneously with RBC aggregation under blood flow.

4. Conclusion

In this paper, the PAA and the mBFV were measured by high-frequency PA imaging at 750
and 850 nm and the Doppler velocity, respectively under pulsatile blood flow (beat rates of
60, 120 and 180 bpm). In addition, the sO, was computed by the two wavelength method. The
PAA varied periodically out of phase with the mBFYV at all beat rate demonstrating the effect
of aggregate size on the PAA. Also, the sO, varied periodically in phase with the PAA. The
PAA increases with the size of RBC aggregate and RBC aggregation inhibits oxygen release.
In pulsatile flow, the aggregate size is inversely proportional to the mean shear rate.
Therefore, the sO, can be altered by RBC aggregation under pulsatile blood flow. Moreover,
the correlation between the PAA and the sO, was dependent on the optical wavelength of
illumination since the u, of hemoglobin is dependent on the optical wavelength. These
findings suggest that PA assessment of RBC aggregation in various circulatory disorders
could be achieved through imaging of accessible human blood vessels such as the radial
artery or vein. This study is a preliminary investigation opening new avenues towards
understanding the hemodynamic relationship between RBC aggregation and the sO, through
PA imaging.
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